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Abstract 
Iron films were deposited onto the Si (100) substrateV by DC-magnetron sputtering and subsequently annealed in the 
temperature range of 873 K to 1273 K for 2 hours. Rutherford backscattering analysis was performed to determine the elemental 
depth profiles and the oxidation process in samples. The silicides formation was characterized by X-ray diffraction. The results
indicate that annealing at 873 K causes only a small mixing of the Fe and Si atoms near the Fe/Si interface, while the 973 K 
annealing enhances the atomic diffusion and yields to a graded concentration distribution of Fe and Si. The metal-rich silicides
Fe1+xSi (0x2) start to nucleate and grow at 973 K and only Į-FeSi2 formation is conduced after annealing at 1273 K for 2 hours.  
© 2010 Published by Elsevier B.V. 
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1. Introduction 
Semiconducting iron disilicide ȕ-FeSi2 with orthorhombic structure has recently attracted much attention as a 
suitable material for Si-based optoelectronic devices [1-4], especially after Leong et al [4] demonstrated in 1997 the
fabrication of working light-emitting diodes in silicon, based on ȕ-FeSi2 precipitates incorporated into a 
conventional silicon bipolar junction. Very recently, 1.56 ȝm electroluminescence and 1.58 ȝm photoluminescence 
have also been reported from continuous ȕ-FeSi2 films deposited on Si (111) prepared by magnetron-sputtering  
(MS) deposition [5, 6]. Although the high resistances to the oxidation is regarded as one of the important features of 
transition metal silicides, some researchers also mentioned [7] that there was oxidation in the Fe/Si systems prepared 
by MS or pulsed laser deposition. Therefore, the oxidation of the Fe/Si system is investigated in this work. In spite 
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of the fact that the silicidation of the Fe/Si system has been investigated previously, some details related to the 
atomic diffusion and the phase formation sequence in this system remain to be clarified.  
2. Experimental details 
 Fe films about 100 nm were deposited onto Si (100) substrates ( p-type, 7-13 cm: ) by MS. Subsequent 
annealing was performed in the temperature range of 873 K-1273 K for 2 hours in the vacuum of 2×10-3 Pa. 
Rutherford backscattering (RBS) measurement was performed with 3.0 MeV carbon ions and 2.9 MeV protons with  
silicon surface barrier detector positioned at a scattering angle of 165 deg. The analysis of the RBS spectra was done 
with SIMNRA 6.0 code [8]. The microstructure was characterized by scanning electron microscope (SEM, JSM-
7401F) and the phase analysis was performed by X-ray diffraction (XRD, Philips MPD 1880) with Cu-KĮ.
3. Results and discussions 
Table 1 Energy losses of carbon ions and protons in Fe film. 
Ion Energy 
(MeV) 
dE/dx (Elec.) 
(keV/nm) 
dE/dx (Nuclear) 
(keV/nm) 
H 2.9 5.406E-2 3.316E-5 
C 3.0 2.685 9.6509E-3 
Table 1 shows electronic and nuclear energy losses of carbon ions and protons in Fe film computed from SRIM. 
The energy loss of proton in Fe film is less than that of carbon, therefore carbon RBS can give more information 
about elemental depth profile than proton RBS. Unfortunately, carbon RBS cannot detect oxygen so proton RBS 
was used to determine the amount of oxygen atoms in samples.  
Fig.1 RBS spectra with a) carbon ions and b) protons and c) the corresponding depth profiles of Fe, Si and O. 
Fig.1 shows the RBS spectra for samples annealed at 873 K to 1273 K for 2 hours. The results indicate that 
there is almost no atomic mixing for the sample as deposed. After annealing at 873 K, only a small fraction of atoms 
J. Zhang et al. / Physics Procedia 11 (2011) 126–129 127
 J.Zhang et al/ Physics Procedia 00 (2010) 000–000  
near the interface starts to diffuse which broadens the interface slightly, while the surface of Fe/Si system remains in 
the form of a continuous Fe film. The interface broadening is enhanced and the concentration depth profile of Fe and 
Si atoms shows a graded distribution at 973 K. Furthermore, the metal-rich silicides Fe1+xSi (0x2) noticed by 
XRD nucleate and grow in sublayer though the surface remains a continuous Fe film. At 1073K atomic diffusion is 
significantly enhanced and Si atoms participate in silicidation, so that the metal-rich silicides Fe1+xSi grow further 
and the silicides/Si interface begins to form while the Fe/Si interface gradually disappears. Simultaneously, the ratio 
of Fe/Si likely further decreases, but no line of ȕ-FeSi2 in the XRD pattern is observed because high formation 
energy of ȕ-FeSi2.When the temperature increases up to 1173 K, most of the Fe atoms have reacted with Si atoms 
and formed silicides. The original Fe/Si interface disappeared completely, and silicides/Si interface has been formed. 
Interface is shifted slightly toward surface compared to that annealed at 1073 K because Fe1+xSi have been replaced 
by the formation of amorphous disilicide FeSi2. The Fe1+xSi islands starts to react with Si on the surface because the 
diffusion rate of Si atoms increases very rapidly with increasing of the temperature. Accordingly, the amorphous 
disilicide increases but Fe1+xSi decreases. However, still no line of ȕ-FeSi2 is found in the XRD pattern, the reason is 
that the content of crystalline FeSi2 is too small for annealing only 2 hours. When the temperature increases up to 
1273 K, the amount of Si atoms even exceeds the ratio of Fe:Si=1:2. To explain the fact two possible processes 
should be considered. On one hand, the amorphous silicide sublayer under the surface and the Fe1+xSi island grains 
on the surface transform into disilicide FeSi2. On the other hand, amount of Si atoms that diffuse rapidly from 
substrate due to the high temperature is significant.  
The proton RBS was performed to detect if any oxygen was incorporated into the Fe thin films during the 
process of preparation, as well as subsequent thermal treatments. It is obvious from the spectra that the oxidation of 
Fe atoms occurred already during the process of preparation and annealing at 873 K-1173 K, as shown in Fig.1 b), 
where the peak corresponding to oxygen can be clearly observed between 730 and 740 channels. The presence of 
oxygen obviously influences the Fe-Si reaction, so the silicides formation is retarded. According to the results of 
RBS simulation, the amount of oxygen decreases and the distribution changes with increasing of temperature. No 
oxygen is observed in the sample annealed at 1273 K. Therefore the formation temperature of Į-FeSi2 is in 
agreement with Fe-Si phase diagram [1]. 
Fig.2 The XRD patterns of Fe/Si systems annealed at various temperatures for 2 hours.  
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Fig.2 shows the results of XRD patterns of the Fe films deposed on the Si substrates and annealed in the 
temperature range 873 K-1273 K for 2 hours. Crystalline phases are identified according to the dates existing in the 
ICDD powder Diffraction File. The presence of some Fe3Si and FeSi in the samples annealed at 973 K, 1073 K and 
1173 K can not be completely excluded, because the positions of the strongest diffraction line for that phases almost 
coincide with the position of the strongest line for Fe1.34Si0.66, so we register them as the metal rich silicides Fe1+xSi
(0x2). The XRD pattern of as-deposed sample [Fig.2 f)] shows only presence of a broad peak of Į-Fe except the 
peaks of Si substrates, as the thick metal film deposited by magnetron sputtering usually being fine grains. The grain 
size about 30 nm is obtained by Scherrer formula. The heat treatment at 873 K results in the appearance of iron 
oxide Fe2O3, and of Fe1+xSi at 973 K, shown in Fig.2 a) and b) After anneal at 1073 K, the content of Fe2O3 strongly 
diminished, and at 1173 K it completely disappeared, as shown in Fig.2 c) and d). There are two mechanisms that 
can explain this phenomenon: fast diffusion of metal atoms from the oxide/silicide interface towards the 
silicide/silicon interface and restoration of the silicide composition there and/or formation and subsequent 
vaporization of volatile metal oxides. Anneal at 1273 K for 2 hours causes disappearing of Į-Fe and Fe1+xSi, and the 
phase Į-FeSi2 is present as only Fe-Si crystalline phase on the Si substrate, as shown in Fig.2 e). It indicates that the 
whole Fe film transforms into Į-FeSi2 completely which is in agreement with the literature []. Expected appearance 
of crystalline ȕ-FeSi2 phase at anneal temperatures 1073 K-1173 K is not noticed. It might be caused by high 
formation energy of ȕ-FeSi2 and low rate of its crystallization under present anneal conditions. Another possible 
reason might be that the silicidation is retarded by the presence of oxygen. 
4. Conclusion 
The effects of anneal temperature on the atomic diffusion in the Fe/Si systems have been investigated by the 
means of RBS. The results indicate that anneal at 873 K causes only in a small mixing of the Fe and Si atoms near 
the Fe/Si interface, while the 973 K anneal enhances the atomic diffusion and yields to a graded concentration 
distribution of Fe and Si. Metal-rich silicides Fe1+xSi (0x2) start to nucleate and grow at 973 K. However, after 
anneal at 1273 K for 2 hours, only Į-FeSi2 is formed. 
In summery, we can get desired silicides phase formation sequence in the Fe/Si systems prepared by magnetron 
sputtering: from as-deposited Fe film to metal-rich silicide Fe1+xSi, then intermediate phase monosilicide FeSi, then 
silicon-rich disilicide semiconducting ȕ-FeSi2, finally high temperature metallic Į-FeSi2.
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